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Abstract. We consider how galaxy clustering data, from Mpc to Gpc scales, from upcoming
large scale structure surveys, such as Euclid and DESI, can provide discriminating information
about the bispectrum shape arising from a variety of inflationary scenarios. Through exploring
in detail the weighting of shape properties in the calculation of the halo bias and halo mass
function we show how they probe a broad range of configurations, beyond those in the squeezed
limit, that can help distinguish between shapes with similar large scale bias behaviors.
We assess the impact, on constraints for a diverse set of non-Gaussian shapes, of galaxy
clustering information in the mildly non-linear regime, and surveys that span multiple red-
shifts and employ different galactic tracers of the dark matter distribution. Fisher forecasts are
presented for a Euclid-like spectroscopic survey of Hα-selected emission line galaxies (ELGs),
and a DESI-like survey, of luminous red galaxies (LRGs) and [O-II] doublet-selected ELGs,
in combination with Planck-like CMB temperature and polarization data.
While ELG samples provide better probes of shapes that are divergent in the squeezed
limit, LRG constraints, centered below z < 1, yield stronger constraints on shapes with scale-
independent large-scale halo biases, such as the equilateral template. The ELG and LRG
samples provide complementary degeneracy directions for distinguishing between different
shapes. For Hα-selected galaxies, we note that recent revisions of the expected Hα luminosity
function reduce the halo bias constraints on the local shape, relative to the CMB. For galaxy
clustering constraints to be comparable to those from the CMB, additional information about
the Gaussian galaxy bias is needed, such as can be determined from the galaxy clustering
bispectrum or probing the halo power spectrum directly through weak lensing. If the Gaussian
galaxy bias is constrained to better than a percent level then the LSS and CMB data could
provide complementary constraints that will enable differentiation of bispectrum with distinct
theoretical origins but with similar large scale, squeezed-limit properties.
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1 Introduction
The physical mechanism behind inflation still remains an open question, despite the successes
of the inflationary paradigm. An abundance of physically-motivated theories of inflation exist
that employ very different physics to drive inflation, ranging from the simplest models with a
single slowly-rolling inflaton field, to those with multiple fields, non-canonical kinetic terms,
or originating from excited initial states, to broadly name a few. In general, however, each
model predicts a distinct ‘thumbprint’ signature in the statistics of the generated primordial
perturbations due to the particular self-interactions of the inflationary field(s) that give rise
to a scale-dependence in deviations from Gaussianity in tracers of the dark matter density
and Cosmic Microwave Background (CMB) temperature and polarization perturbations.
Recent results from the Planck survey of the CMB have put the strongest constraints yet
on the potentially non-Gaussian statistics of primordial perturbations [1, 2] from the imprint
on the observed multipole bispectrum. The primordial signal appears as changes in the dark
matter halo bias and halo mass function at later cosmological epochs. By exploiting how
galaxies are distributed with respect to these halos, we can extract shape constraints from
galaxy surveys. Upcoming experiments, such as the Large Synoptic Survey Telescope (LSST)
[3], Euclid [4], and DESI [5], will capture the statistics of the evolved late-time perturba-
tions through the distribution of large-scale structure (LSS). These probe non-Gaussianity,
potentially even more strongly than Planck (e.g. [6–8]). Furthermore, the CMB and LSS
observables probe the primordial fluctuations differently, offering the enticing possibility of
using them together as complementary data sets to strengthen existing constraints (e.g. [9]).
The simplest way for a distribution to be non-Gaussian is to have a non-zero 3-point cor-
relator, i.e. bispectrum or ‘shape’. Typically the amplitude of primordial N -point correlators
grows smaller as N increases, so that the bispectrum constraints are the principal N-point
non-Gaussian correlation statistic investigated. An exciting realization in inflationary theory
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is that discerning the scale-dependence, or ‘shape’, of the bispectrum could provide a direct
insight into the inflationary mechanism, through how non-Gaussianity is generated [10, 11].
Taking a specific bispectrum template and comparing it to data is a sensible approach to as-
sess if the theory is consistent, or if it possesses new properties that might be observable with
appropriately designed future surveys. Three templates have been studied extensively: the
local shape that arises in multi-field inflation [12–14], and the equilateral [15] and orthogonal
shapes [16] that derive from non-trivial kinetic terms in the inflationary action.
Recent theoretical developments have shown there are a far wider population of bispec-
trum shapes, including those from fast-roll inflation [17–21], quasi-single field inflation [22, 23],
warm inflation [24, 25], and non-Bunch-Davies or excited initial states [17, 26–28]. There are
also hybrids of multi-field and non-slow-roll models [29–31], and the inclusion of isocurvature
modes in the non-Gaussian correlations [32–34]. The large number of alternative theories mo-
tivates looking for distinctive characteristics with which to classify bispectra and reconstruct
what we can know about the underlying theory in an unbiased way from the data. One such
characteristic in particular has gained prominence in the literature: while the bispectra can
have very different shapes, meaning their signal is weighted towards different configurations
of the three wavenumbers in (Fourier) k-space, their properties in the ‘squeezed limit’ when
one of the three length scales contributing to the 3-point function becomes much larger than
the other two, can signal whether inflation is derived from a single-field or multi-field model
or from a non-Bunch-Davies vacuum.
For a preferred model with a particular bispectrum BΦ(k1, k2, k3), one can forecast or
measure a constraint on the amplitude fNL of the model’s shape at a particular pivot value
of (k1, k2, k3). Then, under the assumption that this is the right model, we can extend the
fixed shape to infer the amplitude of the bispectrum at all other k-configurations. Constraints
obtained in this way thus assume a strong theoretical prior, as they do not account for our
uncertainty in knowing which model is the right one. In contrast, an alternative and more
conservative way of getting constraints on inflation is to assume less theoretical bias, and
attempt to use the data itself to reconstruct the general primordial shape and its potentially
complicated k-dependence. If there is a detection of a non-zero fNL given one template, e.g.
if f localNL 6= 0, this could either indicate evidence of local non-Gaussianity as might arise in
multifield inflation, or that another inflationary model has generated non-Gaussianity whose
signal leaks into, or is partially described by, the local template. These dual questions of
distinguishing between model shapes and model-independent constraints on shapes have been
considered recently in the context of CMB bispectrum data by WMAP9 [35] and Planck [2] .
In this paper we explore the ability of upcoming galaxy surveys and their measured
galaxy power spectra, to obtain general shape constraints and distinguish between shapes,
alone and in combination with CMB data. To do this, we consider the effects that different
shapes have on dark matter halo statistics through the halo bias and halo mass function, with
a particular focus on which k-configurations of the primordial shape are primarily probed by
the halo statistics. By implementing the halo model, we forecast Euclid- and DESI-like con-
straints on fNL for a variety of specific templates, as well as consider the distinguishability
and degeneracies between combinations of these shapes. This work builds on prior work
considering general shape constraints arising from CMB data [2, 35, 36], and through using
basis reconstruction to study general non-Gaussian shapes, provides an alternative approach
to other studies of non-Gaussian halo bias constraints in the literature, that used scale depen-
dent modifications to the local template [37, 38] and theoretically motivated two-parameter
models [39, 40], to constrain the squeezed limit properties of bispectra.
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The paper is organized as follows: Section 2 describes the formalism behind our analysis,
including an outline of the basis function approach used to describe general non-Gaussian
shapes, the halo bias and halo mass function modeling, and the Fisher analysis. Our findings,
centered on the potential to use LSS data to constrain shapes beyond the squeezed-limit, are
presented in Section 3 and in Section 4 we summarize our conclusions and their implications.
2 Formalism
This section outlines the main theoretical assumptions used in the analysis. Section 2.1
outlines the approach we use to describe general bispectrum shapes, and 2.2 describes how
the halo bias and halo mass function are altered in the presence of primordial non-Gaussianity.
Sections 2.3 and 2.4 respectively summarize how halo statistics are translated into halo and
galaxy power spectra within the framework of the halo model. Finally, 2.5 outlines the Fisher
matrix formalism we use to forecast constraints for upcoming galaxy surveys, such as Euclid
and DESI.
2.1 Bispectrum shape families and templates
Theoretical predictions for the primordial fluctuations created by different inflationary models
are typically given by N -point correlators, such as bispectra, and their specific k-dependence.
A primordial bispectrum, Bζ , is defined through the 3-point correlation function of (comoving)
curvature perturbations in Fourier space,
〈ζ(~k1)ζ(~k2)ζ(~k3)〉 = (2pi)3δ(~k1 + ~k2 + ~k3)Bζ(k1, k2, k3). (2.1)
Each model’s bispectrum can then be parametrized in terms of an amplitude, fNL, and shape,
Sζ(k1, k2, k3), that are related by a normalization factor, N , chosen such that the shape is
equal to unity at a pivot scale ~k0,
(k1k2k3)
2Bζ(k1, k2, k3) = NfNLSζ(k1, k2, k3), (2.2)
where N ≡ 72pi4∆4ζ(k0)/5, and ∆2ζ(k) is the dimensionless primordial power spectrum.
Each model’s shape is unique, but many shapes exhibit similar features, motivating us
to roughly categorize shapes into families of shapes that peak when k1, k2, and k3 form
squeezed, equilateral, flattened, etc. triangles. Thus some of the most widely studied shapes
are templates that approximate the shapes within each family, e.g. the local, equilateral,
orthogonal, and enfolded templates, where the degree of similarity between shapes, or between
true shapes and templates, can be quantified by a inner product statistic [10]. These templates
are meant to be used as indicators of more complex shapes that arise from models with, for
example, multiple fields (local template), higher derivative terms (equilateral and orthogonal
templates), or non-trivial vacuum states (enfolded template).
Going beyond shapes characterized by a single template that is chosen to reflect a pre-
ferred model, a model-independent way to parametrize a general shape is to choose a basis
of shape functions and assume that the underlying true shape is well-approximated by a lin-
ear combination of the basis, such as in [10, 36]. We utilize the separable {Kn} basis set
introduced in [36]. Each basis function is defined as
Kn(k1, k2, k3) ≡ 1Nnk2(ns−1)0
[
kp
′
1 k
r′
2 k
s′
3 + {prs} perms
]
, (2.3)
– 3 –
where Nn is the number of distinct permutations of {p, r, s}, and p′, q′ and r′ are defined as
p′ ≡ 2 + (p− 2)(4− ns)
3
. (2.4)
To create near scale-invariance, the powers must satisfy p+ r + s = 0.
Bispectrum separability is not strictly necessary to efficiently compute the resulting
halo bias and halo mass function corrections using (2.15), (2.14), and (2.11) as we describe
below. It is, however, a useful approach if one wants to consistently consider constraints on
general shapes, and mesh together the squeezed limit and broader shape properties, from
LSS and the CMB analyses, as separability is essential for the latter. Separability also allows
for computationally efficient simulations that verify our theoretical understanding of how
different LSS probes depend on non-Gaussianity, e.g. for nonlinear power spectra and halo
mass functions [41], halo bias [42], and matter bispectra and higher-order correlators [43].
The {Kn} basis can be used to describe many nearly scale-invariant shapes in the liter-
ature precisely using only a relatively small set of 7 basis functions,
(k1k2k3)
2Bζ(k1, k2, k3) = NSζ(k1, k2, k3) ≈ N
6∑
n=0
αnKn(k1, k2, k3). (2.5)
The local, equilateral, orthogonal, and enfolded templates can be expressed exactly in terms
of this basis, as shown in Table 1. Shapes constructed from the first 3 basis functions,
{K0,K1,K2}, can alternatively be written in terms of linear combinations of the local, equi-
lateral, and orthogonal templates, which we will refer to as the LEO basis. For example, the
enfolded template can be rewritten in terms of the LEO basis as Senf = 12(Sorth − Sequil).
As mentioned in [36], one advantage of the Kn basis is its ability to recover the correct
squeezed limits of shapes. This is especially pertinent for this work, because the similarity
between a shape and its template approximation may be more critical for characterizing
the model’s predictions for the halo bias and halo mass function, since these probes tend to
correspond more to the shape’s squeezed limit, compared to the CMB bispectrum. Motivated
by this concern, [16] constructed an improved orthogonal template, called Sorth(2), which in
addition to having the same overall features as the original Sorth, also has the same behavior
in the squeezed limit as the primordial shape on which the original orthogonal template was
based. Similarly, [44] constructed a template peaking on enfolded triangles with a vanishing
squeezed limit, which we call Senf(2), but arises from higher-derivative operators of single-field
models. Both Sorth(2) and Senf(2) can be written exactly in terms of the Kn basis, as we show
in Table 1.
Furthermore, combinations of the basis modes can create a set of irreducible shapes with
the same divergence properties in the squeezed limit [36]. For example, we can consider modes
that individually diverge by up to 1/k2 in the squeezed limit, {K0−K6}, and, construct three
irreducible templates, in addition to the equilateral template, Sequil: {K0 + 3K3 − 3K4,K2 +
2K3 − 2K5, 2K3 −K6} that each vanish in the squeezed limit, but have significant differences
from Sequil away from the squeezed limit.
A general template that vanishes in the squeezed limit can be reconstructed out of
linear combinations of these four templates. An example of this is the Self-Ordering Scalar
Fields (SOSF) model [45], which while vanishing in the squeezed limit, like the equilateral
shape, has principal power in the ‘aligned’ configuration where k1 ∼ 2k2 ∼ 2k3. In [45], a
fitting function for SSOSF is provided that fits the numerical results to a few percent. We
– 4 –
Shape Template in terms of the Kn basis
Slocal K2
Sequil −2K0 + 6K1 − 3K2
Sorth −8K0 + 18K1 − 9K2
Senf −3K0 + 6K1 − 3K2
Sorth(2) (1 + p)Sequil − p
(
2
9K0 + 83K1 − 2K2 + 209 K3 − 103 K4 + 43K5 − 19K6
)
Senf(2) (1 + α)Sequil − α
(
6
5K0 + 165 K3 − 185 K4 + 15K6
)
SSOSF 22.6Sequil − 5.98 (K0 + 3K3 − 3K4)− 29.5 (K2 + 2K3 − 2K5) + 13.9 (2K3 −K6)
S1 2K4 −K6
Table 1: The Kn expansion for a variety of templates discussed in the literature. The
variables p and α, used in Sorth(2) and Senf(2), are chosen to maximize the template’s fit to
the physical shape. The separable template for SSOSF is used for the CMB analysis, and is
constructed from combinations of the basis functions that vanish in the squeezed limits, with
coefficients that maximize the cosine with the fitting function given in [45], giving a cosine of
> 0.99.
reconstruct a template, included in Table 1, that has the maximal cosine (> 0.99) with the
fitting function in [45], and vanishes in the squeezed limit. We use the fitting function for the
LSS analysis, but use the separable template in Table 1 to allow efficient computation of the
CMB constraints.
We also consider non-Gaussian shapes that can arise from models with large-scale mag-
netic fields (which could be generated by vector perturbations during inflation), vector fields
that are coupled to the inflaton, and the solid (or elastic) inflation model [46]. The basis
describing these, {S0, S1, S2} in [46], corresponds exactly to a linear combination of Kn func-
tions, and represents a theoretically-motivated generalization of the local shape, analogous to
studies of scale-dependent fNL [38]. In this analysis we include consideration of the S1 tem-
plate used in describing these models, as an example of a shape with an anisotropic squeezed
limit, in which their properties differ depending on from which direction, in k-configuration
space, the squeezed limit is approached.
2.2 Non-Gaussian halo statistics
In general, primordial non-Gaussianity changes the power spectrum of dark matter halos by
coupling the local power spectrum to the local long-wavelength matter overdensity. This
effect was first discovered in N-body simulations of local non-Gaussianity [47], and since then
there has been both theoretical and numerical work towards understanding the effect more
precisely and how it extends to other types of non-Gaussianity (e.g. [41, 42, 48–51]). Here we
review how general bispectrum shapes can change the statistics of halos through its effect on
the halo bias and halo mass function, adopting the framework based on the peak-background
split approach [51].
Given the primordial gravitational potential, Φ(~k), where Φ = 3ζ/5, the dark matter
density contrast δ(~k) at redshift z is described by
δ(~k, z) = M(k, z)Φ(~k), (2.6)
where
M(k, z) ≡ 2D(z)k
2T (k)
3Ωm,0H20
, (2.7)
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D(z) is the growth factor normalized to 1 at z = 0, and T (k) is the matter transfer function.
M(k, z) is straightforward to compute using publicly available codes, such as CAMB1. For
simpler notation, from now on we will drop the explicit z-dependence in our equations.
In the presence of non-Gaussianity, the matter fluctuations acquire a non-zero skewness,
S3, which is an integrated measure of the smoothed matter bispectrum,
S3(m) ≡ 〈δ
3
R〉
σ4R
, (2.8)
where σ2R is the variance of the smoothed density contrast,
σ2R ≡
∫
d3k
(2pi)3
M(k)2WR(k)
2PΦ(k), (2.9)
and the third moment is
〈δ3R〉 ≡
∫
d3k d3qM(k)M(q)M(|~k − ~q|)WR(k)WR(q)WR(|~k − ~q|)BΦ(k, q, |~k − ~q|)
=
2
(2pi)4
∫
dlnk k3M(k)WR(k)
∫
dlnq q3M(q)WR(q)
∫
dµM(kµ)WR(kµ)BΦ(k, q, kµ).(2.10)
WR(k) is the Fourier transform of a spherical top-hat function of radius R, normalized such
that
∫
dxWR(x) = 1, where R corresponds to an effective radius for the halo mass under
consideration, with R = (3Mhalo/4piρm)1/3, and ρm is the matter density today. In what
follows, we choose to work with the redshift-independent reduced skewness, σRS3(m).
The skewness induces changes in the halo mass function, dn/dm, that gives the number
density, n, of halos of mass m, and we parametrize the deviation from what the halo mass
function would be in the Gaussian case through the factor RNG [52], defined as
RNG ≡ dnNG/dm
dnG/dm
= 1 +
1
6
σRS3
(
ν3 − 3ν)− 1
6
dσRS3
dlnν
(
ν − 1
ν
)
, (2.11)
where ν ≡ δc/σR, and we assume δc = 1.686 is the linear threshold for spherical collapse.
In addition to changes in the halo mass function, non-Gaussianity also alters how the
halos are distributed with respect to the underlying dark matter fluctuations. At the linear
level, the halo density δh traces the matter fluctuations with a bias factor that depends on
the halo mass m and wavenumber k,
δh(m,~k) ' bhalo(m, k)δ(~k). (2.12)
The linear halo bias can then be split up into three contributions: a Gaussian scale-independent
term, a non-Gaussian scale-independent term, and a non-Gaussian scale-dependent term,
bhalo(m, k) = bG(m) + ∆bsi(m, fNL) + ∆bsd(m, k, fNL). (2.13)
The scale-independent bias correction is derived from RNG as [53]
∆bsi(m, fNL) ≡ − 1
σR
∂lnRNG
∂ν
= − 1
6σR
1
RNG
[
3σRS3
(
ν2 − 1)+ dσRS3
dlnν
(
ν2 − 4− 1
ν2
)
− d
2σRS3
dlnν2
(
1− 1
ν2
)]
.(2.14)
1http://camb.info
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The scale-dependent term ∆bsd(m, k) is given by
∆bsd(m, k, fNL) =
δc[bG(m) + ∆bsi − 1]
2M(k)
I21(m, k)
σ2R
+
1
M(k)
∂lnσ2R
[
I21(m, k)
σ2R
]
. (2.15)
I21 is defined and calculated as
I21(m, k) ≡ 1PΦ(k)
∫ d3q
(2pi)3
M(q)WR(q)M(|~k − ~q|)WR(|~k − ~q|)BΦ(k, q, |~k − ~q|)
= 1
(2pi)2PΦ(k)
∫
dlnq q3M(q)WR(q)
∫ 1
−1 dµ M(kµ)WR(kµ)BΦ(k, q, kµ), (2.16)
where by construction, ~kµ = ~k − ~q such that k2µ = k2 + q2 − 2kqµ, and µ is the cosine of the
angle between ~q and ~k. This multidimensional integral and others in this work are computed
using Cuba, a publicly available code for numerical integration of multidimensional integrals2.
In the local case, I21/σ2R, the first term in the scale-dependent bias, tends towards a
constant value of 4fNL on large scales, such that the contribution from the second, derivative
term, ∂lnσ2R [I21(m, k)/σ
2
R] is negligible. However, in general the inclusion of both terms is
important: the first and second terms typically have opposing signs and partially cancel each
other on scales above a few Mpc. For the templates where the two terms are comparable,
such as in the equilateral and orthogonal cases, the large scale, k → 0 scaling behavior and
small scale properties are determined by the cancellation. The relative weight of each term
changes with the halo mass, and gives rise to mass-dependent biases.
When computing ∆bsd on large scales, the integral over µ in (2.16) averages over squeezed
configurations. For isotropic shapes, the absence of µ dependence in the leading term in the
squeezed limit expansion of the shape in powers of k/q gives a trivial mapping of the large
scale scale-dependence of the large-scale halo bias. For shapes for which the squeezed limit
is anisotropic in µ, the µ integral can alter the sign and amplitude of the leading k scaling in
the bias, or make it vanish. Thus interpreting the halo bias data using just large scale data,
and presuming that the primordial shape is isotropic, could potentially lead to incorrect or
incomplete conclusions about the shape determination, and miss an important sector of the
theory space.
2.3 The halo model
In this section, we first briefly summarize our implementation of the halo model for computing
non-linear matter and galaxy power spectra (see [54] for a detailed review of the halo model),
and then describe our resulting power spectra from different non-Gaussian shapes.
In the halo model, the halo matter power spectrum Ph is the sum of correlations between
separated halos, P 2h, and within the same halo, P 1h, Ph(k) = P 1h(k) + P 2h(k), with
P 1h(k) =
∫
dm
dn
dm
(
m
ρ¯
)2
|u(k|m)|2, (2.17)
P 2h(k) =
[∫
dm
dn
dm
(
m
ρ¯
)
u(k|m)bh(m, k)
]2
Plinear(k). (2.18)
Here Plinear is the linear dark matter spectrum, dn/dm is the halo mass function, and bh is
the halo bias. In the fiducial Gaussian case, we compute dnG/dm and bG using the numerical
fits in [55]. We include non-Gaussianity in the halo mass function using the RNG parameter,
2http://www.feynarts.de/cuba/
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and in the halo bias, parametrized by ∆bsi and ∆bsd, as described in section 2.2. u(k|m)
is the Fourier transform of the halo density profile that describes the distribution of matter
within each halo. We assume the Navarro-Frenk-White (NFW) profile [56, 57], which has
two free parameters that can be chosen as a scale radius, rs, and a corresponding matter
density, ρs. However, it is also common to choose the two free parameters to be how the
virial radius, Rvir, of the halo is defined, and how the concentration of each halo, c, depends
on the halo mass and redshift. Here we define Rvir such that it contains an average density
that is ∆vir = 200 times the average matter density of the universe, and use the concentration
from [58]. Our choices of these inputs to the halo model calculation were made to facilitate
comparisons between our results and those of previous forecasts. In particular, we have used
the same Gaussian halo mass function and halo density profile that were noted by [59] to
provide good agreement with simulations.
Implementing the halo model requires two additional constraints to be imposed by hand:
(1) that all matter is contained in halos, and (2) that the calculated Gaussian matter power
spectrum on large scales matches the linear expectation, Plinear(k). The numerical details of
enforcing these constraints are described in [60].
2.4 The galaxy bias model
One can compute the galaxy power spectrum, Pgal(k), by using theoretical and empirical
prescriptions for how galaxies are arranged within halos of a given mass. With assumptions
on the distribution of galaxies within the halo, ugal, and the moments of the statistical
distribution of the number of galaxies with a halo of a given mass, the Halo Occupation
Distribution (HOD), 〈Ngal|m〉, the galaxy power spectrum can be written:
P 1hgal(k, z) =
∫
dm
dn
dm
〈Ngal(Ngal − 1)|m〉
n¯2gal
|ugal(k|m)|p, (2.19)
P 2hgal(k, z) =
[∫
dm
dn
dm
〈Ngal|m〉
n¯gal
ugal(k|m)bh(m, k)
]2
Plinear(k, z), (2.20)
where
n¯gal(z) =
∫
dm
dn
dm
〈Ngal|m〉. (2.21)
We make the reasonable assumption that galaxies are distributed within halos in a similar way
that dark matter particles are, i.e. ugal(k|m) = u(k|m), and take the, redshift independent,
moments 〈Ngal|m〉 and 〈Ngal(Ngal − 1)|m〉 of the halo occupation distribution used in [7]. p
in the P 1h term is either 1 or 2, depending on whether 〈Ngal(Ngal − 1)|m〉 < 1 or not.
As the mapping between galaxies and the underlying dark matter, the galaxy bias,
bgal(k, z) =
√
Pgal/Ph, can be probed in different ways – observationally, theoretically, and
with simulations. In the large scale limit, ugal ≈ 1 and the 2-halo term dominates so that
bgal(z) ≈
∫
dm
dn
dm
〈Ngal|m〉
n¯gal
bh(m, k  1). (2.22)
As our fiducial, Gaussian, galaxy bias, we use the values from semi-analytic models of
galaxy formation from Orsi et al. [61], which are in broad agreement with the range of fiducial
Gaussian bias values that are taken in the literature for different comparable forecasts. Figure
1 gives a comparison of the halo model Gaussian galaxy bias evaluated for halos consistent
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Figure 1: Fiducial Gaussian galaxy biases in this work from [61] [blue circles] and computed
from the halo model we consider for ELGs [black]. Other bias parametrizations in the litera-
ture are shown for comparison: bGgal(z) =
√
1 + z [red] [59], and ELG bias bGgal(z) = 0.84/D(z)
[blue dashed] [5].
with emission line galaxies (ELGs) and the Orsi et al. paper, along with others assumed in
the literature.
The galaxy bias can be measured most directly if the galaxies and matter are observed
in overlapping fields, for instance, with galaxy-lensing cross correlations. Such constraints
have been analyzed while assuming the Gaussian case [62–67], as well as for simultaneously
constraining templates of non-Gaussianity [59, 68–70]. In observations without a lensing com-
ponent, the matter field is less directly inferred from the data, due to the complex processes
of galaxy formation. However, we know from theoretical and observational considerations
that galaxy formation is strongly correlated with their host halos, which allows for full encap-
sulation of complex formation processes into a HOD with a few free parameters describing
the number and spatial distribution of galaxies inhabiting a halo of a given mass [71, 72].
The HOD allows galaxy survey measurements to be more easily related to the underlying
halos, the statistics of which are more directly predicted by theoretical cosmology-dependent
parameters. With the HOD as a tool to bridge the gap between galaxies and halos, other
probes beyond galaxy-lensing correlations have been employed to infer the galaxy bias. One
such technique is to employ dark matter simulations and a halo finder algorithm, which can be
done for both Gaussian and non-Gaussian initial conditions, to see how halo power spectrum
and bispectrum statistics are altered by primordial shapes [41, 42, 73]. Given the output
of such simulations of halos, the HOD can further these predictions to the level of galaxies,
allowing for easier comparison of theories with data. For example, higher-order galaxy cor-
relations, such as the bispectrum of galaxies, can also constraint galaxy bias parameters in
the Gaussian case [74–76], and the bias parameters simultaneously with the fNL parameters
in non-Gaussian cosmologies [77]. While a detailed description and implementation of such
techniques is outside the scope of this paper, the combination of these studies paints a picture
of steady improvements in the theoretical understanding and observational measurements of
the galaxy bias, and understanding how to extract non-Gaussian constraints simultaneously.
2.5 Fisher matrix approach for LSS and CMB
We conduct a Fisher matrix analysis as a preliminary tool to estimate potential constraints
on bispectrum shapes with upcoming surveys. This approach has been used in a number of
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previous analyses that also aim to extract constraints on primordial NG from the halo bias
[38, 40, 59, 78, 79]. The analysis we present here assumes a spectroscopic galaxy survey from
Euclid-like and DESI-like experiments, where the observed galaxy power spectrum can be used
to infer the underlying dark matter distribution, which in turn contains traces of primordial
non-Gaussianity. In doing so, however, we must account for the various astrophysical and
observational effects that can change how the observed galaxies are related to the halo model’s
theoretically predicted galaxy power spectrum.
We model the relation between the theoretical galaxy (position) power spectrum we
compute from the halo model, Pgal, and the one that is observed, P obsgal , as
P obsgal (k, µ˜, z) =
[
1 +
f(z)µ˜2
bgal(k, z)
]2
Pgal(k, z)e
−D(k,µ˜,z) (2.23)
where µ˜ is the cosine of the angle between the wavenumber k and the line of sight, and should
not be confused with µ in the definition of the non-Gaussian shape. The bracketed factor in
(2.23) uses the Kaiser formula [80] to model the effect of redshift-space distortions (RSD),
and we take f ≡ Ωm(z)0.55 as the linear growth rate. The exponential damping, D, contains
contributions from the redshift uncertainty of the survey (σz/z = 0.001), peculiar velocities
of galaxies, and the nonlinear growth of structure. We model this component as in [81],
and choose to set a maximum wavenumber at kmax = 0.25h/Mpc and a non-linear damping
factor of pNL = 0.5, corresponding to the assumption that our knowledge of non-linear scales
is sufficient to remove half of the contamination from non-linear growth of structure through
reconstruction [82].
The set of parameters to be constrained, ~θ, includes the non-Gaussianity parameters
we wish to constrain, as well as nuisance parameters that we wish to marginalize over. We
allow for the potential for additional, external information about the galaxy bias in the
analysis by allowing the Gaussian galaxy bias in each redshift to act as a nuisance parameter,
that can be marginalized over with varying priors. For this analysis, our parameter set is
~θ = {fNL; bGgal(z1), ..., bGgal(zN )}, where the Gaussian galaxy bias parameters, bGgal, for each
of the N z-bins are included. We consider scenarios in which they are fully marginalized
over, representing no additional information about the bias from external analyses, to perfect
knowledge, with no marginalization, and gradations in between through the imposition of
independent, Gaussian priors on each.
The Fisher matrix contribution in a given redshift slice, now including the sky fraction,
is given by
Fαβ(z) =
fsky
8pi2
∫ ln kmax
ln kmin
k3 dlnk
∫ 1
−1
dµ˜
∂ lnP obsgal (k, µ˜, z)
∂θα
∂ lnP obsgal (k, µ˜, z)
∂θβ
Veff (k, µ˜, z), (2.24)
and evaluated at the fiducial cosmology, for which we use the best-fit cosmological parameters
from the WMAP9 results [35], assuming no non-Gaussianity: Ωbh2 = 0.02264, Ωch2 = 0.1138,
ΩΛ = 0.721, ∆2R = 2.41 × 109, ns = 0.972, τ = 0.089. The effective inverse data covariance
is given by
Veff (k, µ˜, z) = Vsurvey(z)
[
n¯obsgal(z)P
obs
gal (k, µ˜, z)
1 + n¯obsgal(z)P
obs
gal (k, µ˜, z)
]2
(2.25)
Vsurvey(z) =
4pi
3
[
χ(zmax)
3 − χ(zmin)3
]
, (2.26)
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where χ is the comoving distance, n¯obsgal is the predicted number density of galaxies observed
for the survey in the redshift bin, and zmax and zmin are the boundary redshifts for a given
z-bin. To combine the constraints from multiple redshift slices and get the total Fisher error,
we simply add the Fisher matrices from each redshift bin.
For the Euclid-like forecast, we consider 27 redshift bins from 0.7 < z < 2, with bin
width ∆z = 0.05, where the number densities of galaxies within each bin are taken from [83]
and fsky = 20, 000 deg2. For the DESI-like forecast, the constraints are calculated separately
for the ELG and LRG galaxy populations, before being combined. The DESI ELG constraint
uses 11 redshift bins from 0.6 < z < 1.7 with ∆z = 0.1, while the DESI LRG constraint uses
6 redshift bins from 0.6 < z < 1.2 with ∆z = 0.1. For DESI, the estimated number densities
of LRG and ELG galaxies is as per Table 2.3 of the DESI Conceptual Design Report [84],
and assumes a 14, 000 deg2 survey.
The k-dependence of the inverse covariance matrix of lnP obsgal is proportional to k
3Veff
which scales roughly as ∝ k3. The mildly non-linear scales, where both the halo mass function
and scale-dependent bias are important and sensitive to a broad range of primordial shape
configurations, are potentially better measured than larger scales. The additional effect of the
bias marginalization has to be taken into account, however, in order to assess the projected
constraints.
Where the large scale structure constraints are combined with CMB constraints, we have
followed the CMB Fisher calculation described in [36], except using the fiducial background
cosmology consistent with this work.
3 Findings
In this section we present the major findings. Sections 3.1 and 3.2 describe, analytically and
numerically, how the halo bias and halo mass function probe different regions of the primordial
shape. Section 3.3 presents the forecasted constraints on fixed shapes, as well as constraints
for the distinguishability between shapes and general k-configuration dependent constraints.
3.1 Squeezed limit behavior
On large scales where k → 0, the halo bias in (2.15) is a weighted average over squeezed
limit configurations of the primordial shape, i.e. configurations with k/q  1 with µ a free
parameter. Table 2 shows the squeezed limit forms for the templates discussed in section 2.1.
Many shapes discussed in the literature, such as the local, orthogonal and enfolded
shapes, are isotropic, meaning the leading order term has no µ dependence as k/q → 0. For
an isotropic shape, the shape’s squeezed limit is µ-independent, so any value of µ can be
selected to simplify the calculation of the shape’s corresponding scale-dependent halo bias
on large scales. Typically the squeezed isosceles configuration is chosen, equivalent to taking
q = kµ, such that µ = k/2q → 0, to show that for a primordial shape which scales like
∝ 1/kn in the squeezed limit, the scale-dependent halo bias will be ∝ 1/kn+1. For example,
in the local case which diverges as Slocal ∝ 1/k in the squeezed limit, it is straightforward
to show that I21(m)/σ2R → 4fNL as k → 0, such that for a fixed halo mass, the halo bias
on large-scales is ∆bsd ∝ 1/M(k), resulting in a strongly scale-dependent bias, ∆bsd ∝ 1/k2.
Even though for isotropic shapes the large-scale behavior of ∆bsd has a clear interpretation
of the shape’s squeezed limit, the same is not true of anisotropic shapes, which may have an
unusual variety of µ-dependent limits while still appearing degenerate with other isotropic or
– 11 –
Shape Squeezed limit form to O(k/q)
Slocal
2
3
q
k
− µ
3
+
1
6
(1 + 3µ2)
k
q
Sorth −2 + 6(1− µ2)k
q
Senf −1 + 2(1− µ2)k
q
Sequil 2(1− µ2)k
q
Sortho(2) 2
(
1− µ2 − α
(
5
27
+ µ2
))
k
q
Senf(2) −2
(
1− µ2 − 16
9
α
)
k
q
S1
2
3
(1− 4µ2) + 8
3
µ(1− µ2)k
q
SSOSF 13.3
k
q
Table 2: The squeezed limit expansion, in powers of k/q as k/q → 0, for a variety of templates
described in section 2.1.
anisotropic shapes. Considering the information from the halo bias on small scales may help
to disentangle the two.
The Kn basis also allows for a general µ-dependence, beyond that of the local-like cases
considered in [46]. Indeed, one can even employ the basis to purposely construct a gen-
eral shape which is such that the averaging over squeezed configurations produces an unex-
pected halo bias which breaks the rule of thumb. For example, it is possible to construct an
anisotropic shape which goes to a constant in the primordial squeezed limit, similarly to S1,
while having a µ dependence such that the large-scale halo bias is scale-independent. This
may be a point of concern if a scale-independent bias is confirmed through future surveys:
The single-field consistency relation states that single-field models of inflation should vanish
in the primordial squeezed limit. Then using the rule of thumb, one would expect a lack of a
scale-dependent bias detection to confirm inflationary models of single-field origin. However,
such data may still be consistent with general anisotropic models which do not satisfy the
consistency relation, but still yield scale-independent halo biases.
Taking the k → 0 limit of (2.15) yields a good power-law approximation to a shape’s
bias on large scales, however, in general as k increases towards smaller scales the bias takes
on a more complex scale-dependence. In this work, since we include both large and small
scale power spectra in our Fisher forecasts, we use the full k-dependence of the bias from a
numerical calculation of (2.15) and (2.16) for each k. In other analyses, small scale behavior
has been approximated by extending the large scale-derived, asymptotic, expressions for the
halo bias, using an analytically derived k → 0 expression for I21(m, k)/σ2R and its derivative
in evaluating (2.15).
Figure 2 compares the fully k-dependent and asymptotic forms of the bias for the local,
equilateral, and orthogonal shapes and shows the differences between the two results on small
scales for the orthogonal and equilateral templates. The right hand panels shows the differ-
ences in large scale and small scale properties, and halo mass dependence, for the isotropic
shapes, Senf and SSOSF , and anisotropic shape, S1. The figure also shows that including
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Figure 2: The left panels, from top to bottom, shows the scale-dependent halo bias using
the analytic derivation [thick], as in (2.15), and the asymptotic form [48] if extrapolated to
small scales [thin], for two halo masses, 1012.5M/h [red] and 1013.5 M/h [blue], for the
local, orthogonal, and equilateral shapes at z = 1 for fNL = 1. The right panels, from
top to bottom, show the scale-dependent bias, for the same halo masses, for the enfolded,
anisotropic, and SOSF shapes, respectively. Dashed curves denote negative values.
information on mildly non-linear scales, ∼ 10 Mpc, can reveal richer information about the
shape than purely considering the large-scale bias. While two shapes can have the same scal-
ing (up to a constant) in the squeezed limit, and thus they both have a scale-dependent bias
∝ 1/kn on large scales, on smaller scales, and at different halo masses, their bias functions
can differ.
We note that particularly in the equilateral template constraints, the use of an asymp-
totic approximation for the scale dependent bias, ∆bsd, that extrapolates the large scale
behavior to small scales, leads to tighter constraints on fNL [59]. This is due to an artifi-
cial increase in the amplitude of the bias on small scales relative to when the full analytic
– 13 –
expression for the halo bias is used.
3.2 Configurations probed by the halo bias and mass function
To explore which configurations of the shape the scale-dependent bias probes best, and allow
for the consideration of shapes that are anisotropic in µ as one approaches the squeezed limit,
we define a weight function, wsd, that encodes the relative importance to the bias per unit
shape amplitude of each lnq and µ, for a tracer of halo mass m and wavenumber k:
∆bsd(m, k) =
∫
dlnq
∫
dµ wsd(k, lnq, µ,m)S(k, q, kµ). (3.1)
Figure 3 shows how the precise behavior of the weight function for the scale-dependent
bias is dependent upon the halo mass m and the triangular configuration formed by the
(k, q, kµ) wavenumbers. On very large scales, k ∼ 0.001h/Mpc, the bias primarily probes
squeezed configurations for which k/q . 0.01, while on small and mildly non-linear scales of
k ∼ 0.1h/Mpc, the bias probes a wider range of configurations, including those that are not
significantly squeezed. On intermediate scales (not shown), k ∼ 0.01h/Mpc, the weight rises
for configurations that are moderately squeezed, k/q ∼ 0.01− 0.1, with an overall amplitude
comparable to the weight function of the k ∼ 0.1h/Mpc slice, for the same halo mass. In all
cases, the weights do not pick out a single, preferred value of µ, but are equally sensitive to
all values of µ for a given value of k and q.
To show the mass-dependence in another way, in Figure 4 we show just the µ = 0 slice
of wsd for k = 0.001h/Mpc and two halo masses. The figure illustrates that while larger
halo masses have a weight function that is broader and larger in amplitude than for less
massive halos suggesting that measurements across a range of halos may yield complementary
information by weighting the halo bias to the primordial shape in a different way.
To determine the shape sensitivity of the halo mass function, we can define an analogous
weight function, wRNG , for RNG:
RNG(m) = 1 +
∫
dlnk
∫
dlnq
∫
dµ wRNG(k, lnq, µ,m)S(k, q, kµ). (3.2)
We find this weight is highest and has the largest contributions to the total value of RNG on
the k ∼ 0.1h/Mpc slice, shown in Figure 5. The figure illustrates that the weight has the
largest amplitude for triangles that have q ∼ 0.1−1h/Mpc. While wRNG does probe squeezed
triangles, the weight also extends to include other configurations that are not very squeezed. In
this sense, RNG probes similar configurations to ∆bsd(k) on mildly non-linear scales, but with
a different specific triangle configuration-dependence. Since RNG is an integrated measure of
the shape (as it integrates over k and has no remaining k-dependence), we might expect one
can extract more information from ∆bsd(k) than from RNG. The non-Gaussian modification
to the halo mass function and the scale-independent halo bias by the local, equilateral, and
orthogonal templates is shown in Figure 6. The figure shows that both effects are more
important for the most massive halos, and is typically at the few percent level.
In summary, the scale-dependent bias on large scales probes general squeezed configu-
rations of the primordial shape, while the scale-dependent bias on small scales and the halo
mass function are more sensitive to a broader range of configurations.
Figure 7 shows that the redshift evolution and scale dependence of the galaxy bias are
distinct from that of the Gaussian bias predicted using the halo model and different for both
the ELG and LRG galaxy samples at the same redshift. These differences might be utilized
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(a) m = 1012.5M/h, k = 10−3 h/Mpc (b) m = 1012.5M/h, k = 0.1h/Mpc
(c) m = 1013.5M/h, k = 10−3 h/Mpc (d) m = 1013.5M/h, k = 0.1h/Mpc������
(e)
Figure 3: The halo bias weight function, wsd, for halo masses m = 1012.5M/h [top] and
m = 1013.5M/h [middle], and scales k = 10−3 h/Mpc [left] and k = 0.1h/Mpc [right] as a
function of the wavenumber q and angle µ used to described the bispectrum shape. We have
labeled specific configurations at which each weight shown peaks. Some points are simply
labeled as ‘Sq’ signifying that the triangular configuration is significantly squeezed and not
easily illustrated to scale. For weights at k = 0.1h/Mpc, we label other configurations and
illustrate the corresponding triangles, which are much less squeezed than those labeled ‘Sq’,
showing that ∆bsd on small scales can probe configurations beyond very squeezed triangles.
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Figure 4: The solid and dashed curves respectively show the µ = 0 slice of the weight from
the scale-dependent bias for k = 10−3 h/Mpc and M = 1013.5M/h and M = 1012.5M/h
cases.
(a) m = 1012.5M/h, k = 0.1h/Mpc (b) m = 1013.5M/h, k = 0.1h/Mpc����
(c)
Figure 5: The weight function wRNG , parameterizing the shape sensitivity in non-Gaussian
corrections to the the halo mass function, as defined in (3.2). The function is plotted for a fixed
k = 0.1h/Mpc slice, where the weight is peaked, and two halo masses, m = 1012.5M/h (left)
and m = 1013.5M/h (right). The plots illustrate that there are non-negligible contributions
from configurations that are not significantly squeezed, like those labeled E and F.
to extract out information about the Gaussian component of the galaxy bias, using weak
lensing [59, 68–70] and three-point statistics [77]. These analyses suggest 1-10% constraints
using higher order statistics, and comparable or better constraints using weak lensing might
be achievable. We consider constraints from the galaxy clustering power spectrum alone,
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Figure 6: The effect of the non-Gaussian corrections to the halo mass function [left panel]
and the scale-independent halo bias [right panel] on the halo power spectrum relative to the
Gaussian case PGh , for the local [full blue], equilateral [dotted red], and orthogonal [dashed
black] shapes at z = 1 for fNL = 100.
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Figure 7: The predicted galaxy bias as a function of scale for luminous red galaxies (LRGs)
at z = 0.75 [solid lines], and emission line galaxies (ELGs) at z = 0.75 [dotted] and z = 1.55
[dashed], for a variety of non-Gaussian bispectrum templates with fNL = 100: local [blue]
and orthogonal [black] (left panel), as well as equilateral [red] (right panel).
with the possibility of additional information by imposing 1% and 10% constraints on the
Gaussian galaxy bias, and the limiting case, of perfect Gaussian bias determination, in which
the Gaussian bias is not marginalized over at all in the analysis.
3.3 Prospective constraints from upcoming LSS and CMB surveys
Here we discuss the results of the Fisher matrix analysis, using the approach described in
Section 2.5, establishing constraints on a variety of non-Gaussian templates in section 3.3.1,
and the potential to distinguish between characteristics of different primordial shapes in
section 3.3.2.
3.3.1 Constraints on specific templates
Constraints for the different templates discussed in Section 2.1 are shown in Table 3 for
Euclid-like and DESI-like spectroscopic surveys. In general, templates with more strongly
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σ(fNL) CMB
Euclid-like LSS (+CMB) with bGgal(z) prior
marg. bGgal 10% prior 1% prior known b
G
gal
Slocal 3.5 8.4 (3.2) 8.4 (3.2) 8.3 (3.2) 7.1 (3.1)
Sequil 43 250 (42) 230 (42) 64 (36) 21 (19)
Sorth 19 51 (18) 51 (18) 40 (17) 18 (13)
Senf 34 120 (33) 120 (32) 58 (29) 20 (17)
Sorth(2), α = 8.52 11 190 (11) 160 (11) 31 (10) 9.8 (7.3)
Senf(2), α = 0.60 100 1700 (100) 1300 (100) 220 (93) 71 (58)
SSOSF 10 110 (10) 85 (10) 14 (8.4) 4.6 (4.2)
S1 23 200 (23) 200 (23) 200 (23) 180 (23)
σ(fNL) CMB
DESI-like LSS (+CMB) with bGgal(z) prior
marg. bGgal 10% prior 1% prior known b
G
gal
Slocal 3.5 13 (3.4) 13 (3.4) 12 (3.4) 7.4 (3.2)
Sequil 43 120 (40) 120 (40) 81 (38) 21 (19)
Sorth 19 52 (18) 52 (18) 46 (18) 19 (13)
Senf 34 100 (32) 100 (32) 74 (31) 20 (17)
Sorth(2), α = 8.52 11 76 (11) 75 (11) 42 (11) 9.8 (7.3)
Senf(2), α = 0.60 100 520 (100) 520 (100) 300 (97) 71 (59)
SSOSF 10 32 (9.8) 31 (9.8) 19 (9.1) 4.6 (4.2)
S1 23 200 (23) 200 (23) 200 (23) 180 (23)
Table 3: Fisher constraints on fNL for templates with varied divergences and µ-dependent
properties in the squeezed limit. We present the forecasted constraints for a Planck-like CMB
experiment, and from the halo properties of galaxies measured by a Euclid-like spectroscopic
survey [top] and a DESI-like survey [bottom]. The LSS constraints are shown without CMB
and with (in parentheses) and with four different assumptions on the amount of information
known about the galaxy bias: assuming no knowledge and marginalizing over the bias in
independent redshift bins (‘marg.’), assuming a 10% and 1% prior knowledge, and assuming
the extreme limit, in which the galaxy bias has been measured precisely by a complementary
method.
k-dependent halo biases on large scales are better measured by LSS, and it is clear that
assumptions about the prior knowledge of the galaxy bias in each spectroscopic bin can have
a major effect on the constraints. The bias assumption is most key for the least divergent
shapes: constraints degrade most when removing any assumptions on galaxy bias for the
shapes with the least scale-dependent bias. Below, we describe why this is the case, and what
steps might be taken to improve constraints for the least divergent shapes.
For templates that have a scale-independent bias on large-scales, uncertainties in the
Gaussian galaxy bias can easily mimic the effects of non-Gaussianity. Scale-dependent changes
to the halo-model-derived Pgal on small scales, typically smaller than k ∼ 0.1h/Mpc, then
provide the sole constraints. If the large scale galaxy bias can be measured then these small
scale effects can give rise to fNL constraints that are competitive with the CMB as shown in
Table 3. One way of strengthening constraints on fNL is to improve our understanding of the
galaxy bias, through constraints from other probes as discussed in 2.3. In Table 3 we show
projected constraints on fNL with a range of assumptions about the Gaussian galaxy bias,
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Figure 8: Contributions to a Fisher element as a function of k, Fz(k), for (fNL, fNL) in a
fixed redshift slice, z = 2 [left] or z = 1 [right], from the local [blue], equilateral [dotted red],
and orthogonal [dashed black] templates. Contributions to the Fisher element for (bGgal, b
G
gal)
are also shown [dot dashed gray], multiplied by a scaling factor of 10−8 in order to show on
the same plot. Unless the primordial shape has a strongly scale-dependent bias on large-
scales, most of the resulting constraint on fNL comes from intermediate and small scales,
k & 0.05h/Mpc. The constraint on the Gaussian galaxy bias, while it has a larger overall
amplitude, its shape is qualitatively similar to the signal on small scales coming from fNL.
including 1% and 10% priors roughly consistent with current constraints from the literature
(e.g. [64, 74, 76, 85]).
One interesting feature of the constraints in Table 3 is that DESI’s marginalized con-
straints for shapes with scale-independent large-scale halo biases (Sequil, Sorth(2), Senf(2), and
SSOSF ) are stronger than those forecasted for Euclid. The principal constraining power in
these cases comes from DESI’s LRG population, which we attribute to the LRGs having a
different HOD that probes more massive halos. At the same time, the ELG population is
still better at constraining the more scale-dependent shapes like the local, orthogonal, and
enfolded templates. This seems to hint that different tracers are possibly better suited for
constraints on different shapes of non-Gaussianity.
In Figure 8 we show how the contribution to a Fisher element at a fixed redshift-slice
varies with k, and it illustrates that in many cases, the principal strength of a template’s
constraint relies on information coming from small quasi-non-linear scales. To illustrate the
importance of small scales, we computed the LEO constraints in the case where we take more
conservative assumptions about how much information we can extract from small scales.
We model this conservative case using kmax = 0.15h/Mpc and pNL = 1. In this case,
the LEO marg (unmarg) constraints are: σ(f localNL ) = 9.0 (8.5), σ(f
equil
NL ) = 390 (33), and
σ(forthNL ) = 79 (23). Compared to the more optimistic, default case, the marginalized fixed
equilateral and orthogonal constraints weaken by factors of ∼ 1.4 and 1.5, while the local
constraint is largely unaffected.
We note that in general the constraints here are weaker than in some previous analyses
of constraints from halo bias measurements, e.g. [7, 59]. These arise from updates lowering
estimates of galaxy number counts expected from Hα surveys [83, 86] relative to prior expec-
tations [87], the inclusion of non-linear damping effects on small scales, and the use of the
full, rather than asymptotic, forms for scale-dependence of the halo bias that alter the small
scale constraints in particular for less divergent shapes.
Furthermore, the constraints also differ due to different assumptions about the Gaussian
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Figure 9: Euclid-like [top] and DESI-like [bottom] Fisher matrix projections for the con-
straints on the amplitudes of contributions to a general shape constructed from local, equilat-
eral and orthogonal (LEO) templates. Constraints from the halo bias only [blue], CMB only
[red], and in combination [black] are shown for a range of assumptions on prior knowledge of
the galaxy bias: the most conservative scenario [full lines] in which all Gaussian bias infor-
mation is obtained from this dataset and bGgal is marginalized over fully, the opposite regime
[dotted lines], in which galaxy bias are wholly determined by an alternative technique, such
as those discussed in section 2.4, and is not marginalized over, and the optimistic scenario
[dashed lines] in which the Gaussian bias is well-constrained which we represent using a 1%
prior.
galaxy bias. If instead of using the fiducial galaxy biases from Orsi et al. [61], we take the
galaxy bias from the halo model as our fiducial, as shown in Figure 1, the resulting marginal-
ized (unmarginalized) template constraints on LEO for a Euclid-like survey are weakened to
σ(f localNL ) = 8.6 (7.5), σ(f
equil
NL ) = 280 (23), σ(f
orth
NL ) = 54 (20). This is consistent with previous
forecasts, which also showed the sensitivity of constraints to the assumed fiducial bias [59].
3.3.2 Discriminating between shapes
In addition to considering single templates, we are also interested in the discriminating power
of the data to differentiate between templates. We first consider the constraints on a general
shape that is a linear combination of the local, equilateral, and orthogonal (LEO) templates.
In Figure 9 we show the 2D marginalized constraints on these templates from the CMB,
and Euclid-like and DESI-like spectroscopic galaxy surveys. With no prior information about
the galaxy bias the constraints on LEO non-Gaussianity from the halo bias are projected to
be much weaker than for the CMB. If galaxy bias information is known from a complementary
source, such as overlapping weak lensing statistics, then the LSS gives additional constraining
power in the LE and, especially, the EO planes, in which the LSS and CMB constraints
are more orthogonal. In the case of DESI, the low-z LRG and high-z ELG galaxies have
complementary degeneracy directions in the LEO constraints, coming from the different HODs
specific to red vs. blue galaxies.
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Figure 10: Euclid-like Fisher matrix projections for the joint constraints on the amplitudes
of a pair of shapes. Constraints from the halo bias only [blue], CMB only [red], and in
combination [black] are shown for scenarios in which bGgal is marginalized over fully [full], in
which galaxy bias is wholly determined by an alternative technique [dotted lines], and in
which the Gaussian bias is well-constrained, which we represent using a 1% prior [dashed
lines].
We have also considered the properties of shapes that are not well described purely
by the LEO basis, because of a complex divergence properties, or richer structure, examples
include Sortho(2), Senf(2), S1, and SSOSF . In some cases these have similar squeezed limits, and
therefore large scale halo bias properties, but are dissimilar, or have anisotropic properties,
as one moves away from the squeezed limit. These provide distinctive differences at smaller
scales. In Figure 10 we consider the potential for future surveys to differentiate between pairs
of such shapes.
In the case of the orthogonal and enfolded shapes, halo predictions for the two shapes are
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Figure 11: Joint LSS+CMB k-dependent constraints on a general shape, assuming a basis
set of local, equilateral, and orthogonal templates assuming no [left] and perfect [right] prior
knowledge of the Gaussian bias.
too similar to distinguish them with the galaxy power spectrum. The degeneracy directions
in the LSS and CMB data are somewhat complementary, and with knowledge of the galaxy
bias, the overall LSS+CMB constraint is stronger than either data set alone.
The S1 shape, has the same isosceles squeezed limit (up to a constant) as the orthogonal
template but is anisotropic as it approaches the squeezed limit. We find that the LSS con-
straints on a scenario looking to distinguish these two shapes are quite orthogonal to those of
the CMB. Even in the case where the Gaussian bias is marginalized over and the two shapes
are highly correlated with LSS data alone (|ρ| > 0.98), the LSS+CMB constraint is improved
over just the CMB constraint. With prior knowledge of the Gaussian bias, the forecasts sug-
gest that degeneracies that exist between the anisotropic S1 shape and isotropic Sorth shape
can be further broken with the inclusion of LSS data, to a correlation coefficient |ρ| = 0.48.
We can also consider how well one might distinguish between models that all vanish
in the squeezed limit. To do this we consider discriminating between the equilateral tem-
plate and two others: the orthogonal(2) and SOSF shapes. Because of their common large
scale scale-independent bias there is a strong degeneracy, and weak constraints, for the LSS-
only constraints with no prior knowledge about the Gaussian galaxy bias. If the Gaussian
bias is known well, however, the degeneracy directions between the CMB vs LSS are very
complementary.
Finally, beyond distinguishing pairs of bispectrum shapes, one could consider model-
independent constraints considering a shape general constructed from a linear combination of
LEO models. As shown in Figure 11, we find k-dependent constraints as σ(fNLS(k1, k2, k3))
are strongest in a direction that spans the local and flattened configurations. Prior knowledge
of the Gaussian bias improves the constraints but does not significantly alter the morphology
of the best measured region.
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4 Discussion & Conclusions
The large number of viable inflationary theories currently in the literature warrant a careful
consideration of how well upcoming galaxy surveys will be able to observationally discriminate
between contending models. In this work, we focused on forecasting the ability of forthcoming
galaxy power spectrum data from the spectroscopic portions of future surveys, such as Euclid
and DESI, to constrain amplitudes of a variety of non-Gaussian shapes, as well as to dis-
tinguish between shapes, and put (k1, k2, k3)-dependent constraints on a general primordial
shape. In particular, the galaxy power spectrum is affected by changes to the halo bias and
halo mass function that arise from non-zero primordial shapes.
Although the halo bias on large-scales generally reflects the primordial shape’s behavior
in the squeezed limit (i.e. if the squeezed limit of the isotropic primordial shape scales as
∝ 1/kα, then the halo bias generally goes as ∝ 1/kα+1), we find this simple correlation
between late-time observables and the primordial shape is less straightforward when shapes
which are anisotropic in the squeezed limit, such as S1, are considered.
We consider the effects of non-Gaussianity beyond the large scale, scale dependent halo
bias, including the scale independent corrections and the effect on the halo mass function.
By defining two weighting functions, we found that while the halo bias on large scales is a
weighted average of the shape that is strongly peaked on very squeezed configurations (as
expected from analytic arguments in Section 3.1), the halo mass function and halo bias on
small scales probes more general configurations that are not very squeezed.
A significant hurdle is the degeneracy between the signature induced by non-Gaussianity
in the scale-independent halo bias and the Gaussian galaxy bias. The halo model bridges
the gap between halos and their resident galaxies and, to a large extent, the galaxy power
spectrum preserves the effect of non-Gaussianity on the halos: the large-scale behavior of Pgal
depends largely on the scale-dependent halo bias, while on smaller scales the k-dependence
of Pgal is a combination of all effects, from the halo bias, halo mass function and the halo
occupation distribution. In theory the use of different galaxy samples, with different HODs,
and redshift distributions as tracers, which map the halo information to the galaxy bias in
different ways, could allow the Gaussian and scale-independent non-Gaussian contributions
to be disentangled.
Understanding the galaxy power spectrum on small quasi-non-linear scales and mea-
suring it precisely can enrich our understanding of the primordial shape: rather than using
the survey data to only constrain the squeezed limit of the primordial shape, we can gain
information about other regions of the shape as well. We include the potential to differen-
tiate between these two effects, for example through the additional information from weak
gravitational lensing, in the Fisher analysis through considering constraints in the presence
of a prior on the Gaussian galaxy bias. The forecasted constraints modeled on Euclid and
DESI for a range of templates, show that for shapes with a significant scale-dependent bias,
assumptions about the scale-independent bias are not critical. In the cases where there is not
significant scale dependence, DESI’s LRGs are a more powerful probe of fNL in the absence
of any information about the Gaussian galaxy bias, while knowledge of the Gaussian galaxy
bias to a percent or better makes Euclid and DESI’s constraints comparable, and both LSS
data sets competitive with CMB constraints, such that the combined LSS+CMB constraint
is better than either alone.
In addition to constraints for fixed shapes we show the forecasts for each survey’s ability
to distinguish between the local, equilateral, and orthogonal shapes, using LSS-data only,
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CMB-data only, and the combination of LSS+CMB data. In this case, when no additional
information about the Gaussian bias is included, Euclid- and DESI-like constraints are sim-
ilarly weak in comparison to CMB constraints, though the two LSS surveys have different
degeneracy directions in the LEO planes, due to their differing galaxy populations. However,
if the galaxy bias is constrained the Euclid-like and DESI-like surveys are comparable, with
Euclid’s constraints being slightly stronger. Additionally we find that, with strong priors
on the galaxy bias, LSS and CMB constraints have complementary degeneracy directions,
particularly in the (f localNL , f
equil
NL ) and (f
equil
NL , f
orth
NL ) planes.
We explored how well LSS data might distinguish between shapes which have similar
scale-dependent biases on large scales, leveraging their quite different forms away from the
squeezed limit, or their distinct, anisotropic vs isotropic, squeezed limits. We find that with
strong priors on the galaxy bias, LSS and CMB constraints have complementary degeneracy
directions and the combination of the data improves upon either data set alone, but the LSS
data alone with no other information about the Gaussian galaxy bias is typically not going
to noticeably improve on the CMB-only constraints.
Finally, we computed the k-configuration-dependent constraints on general shapes via a
principal component analysis. The principal components illustrate what features of the pri-
mordial shape the galaxy power spectrum are best and worst measured, and the k-dependent
constraints show how well we can measure different configurations of a general shape. Without
any additional knowledge about the galaxy bias, the LSS constraints do not improve on the
CMB constraints. With percent or better priors on the galaxy bias, the LSS+CMB constraints
are improved accordingly, though the overall morphology of the k-dependent constraints on
the general shape are largely unchanged.
In conclusion, we have quantitatively demonstrated that the galaxy power spectrum
can provide a valuable complementary probe of non-Gaussianity to the CMB, and can probe
bispectrum configurations beyond the asymptotic squeezed limit. A key requirement to realize
the full utility of the galaxy cluster measurements is knowledge of the galaxy bias. This is
a rich area we plan to investigate in future work: to quantify the ability for upcoming weak
lensing measurements and higher order galaxy clustering statistics to constrain the galaxy
bias, as well as the potential for utilizing other tracers of the halo distribution to provide
additional constraints.
Acknowledgments
The authors would like to thank Nishant Agarwal, Tommaso Giannantonio, Shirley Ho, and
Sarah Shandera for useful inputs and discussions. The work of JB and RB is supported by
NASA ATP grants NNX11AI95G and NNX14AH53G, NASA ROSES grant 12-EUCLID12-
0004, NSF CAREER grant 0844825 and DoE grant DE-SC0011838.
References
[1] Planck Collaboration Collaboration, P. Ade et al., Planck 2013 results. XXII. Constraints
on inflation, arXiv:1303.5082.
[2] Planck Collaboration Collaboration, P. Ade et al., Planck 2013 Results. XXIV. Constraints
on primordial non-Gaussianity, arXiv:1303.5084.
[3] LSST Science Collaborations, LSST Project Collaboration, P. A. Abell et al., LSST
Science Book, Version 2.0, arXiv:0912.0201.
– 24 –
[4] A. Refregier, A. Amara, T. Kitching, A. Rassat, R. Scaramella, et al., Euclid Imaging
Consortium Science Book, arXiv:1001.0061.
[5] DESI collaboration Collaboration, M. Levi et al., The DESI Experiment, a whitepaper for
Snowmass 2013, arXiv:1308.0847.
[6] C. Carbone, L. Verde, and S. Matarrese, Non-Gaussian halo bias and future galaxy surveys,
Astrophys.J. 684 (2008) L1–L4, [arXiv:0806.1950].
[7] C. Fedeli, C. Carbone, L. Moscardini, and A. Cimatti, The clustering of galaxies and galaxy
clusters: constraints on primordial non-Gaussianity from future wide-field surveys,
Mon.Not.Roy.Astron.Soc. 414 (2011) 1545–1559, [arXiv:1012.2305].
[8] Euclid Theory Working Group Collaboration, L. Amendola et al., Cosmology and
fundamental physics with the Euclid satellite, arXiv:1206.1225.
[9] L. Verde, Non-Gaussianity from Large-Scale Structure Surveys, Adv.Astron. 2010 (2010)
768675, [arXiv:1001.5217].
[10] J. Fergusson, M. Liguori, and E. Shellard, General CMB and Primordial Bispectrum
Estimation I: Mode Expansion, Map-Making and Measures of fNL, Phys.Rev. D82 (2010)
023502, [arXiv:0912.5516].
[11] M. Liguori, E. Sefusatti, J. Fergusson, and E. Shellard, Primordial non-Gaussianity and
Bispectrum Measurements in the Cosmic Microwave Background and Large-Scale Structure,
Adv.Astron. 2010 (2010) 980523, [arXiv:1001.4707].
[12] A. Gangui, F. Lucchin, S. Matarrese, and S. Mollerach, The Three point correlation function of
the cosmic microwave background in inflationary models, Astrophys.J. 430 (1994) 447–457,
[astro-ph/9312033].
[13] L. Verde, L.-M. Wang, A. Heavens, and M. Kamionkowski, Large scale structure, the cosmic
microwave background, and primordial non-gaussianity, Mon.Not.Roy.Astron.Soc. 313 (2000)
L141–L147, [astro-ph/9906301].
[14] E. Komatsu and D. N. Spergel, Acoustic signatures in the primary microwave background
bispectrum, Phys.Rev. D63 (2001) 063002, [astro-ph/0005036].
[15] P. Creminelli, A. Nicolis, L. Senatore, M. Tegmark, and M. Zaldarriaga, Limits on
non-gaussianities from wmap data, JCAP 0605 (2006) 004, [astro-ph/0509029].
[16] L. Senatore, K. M. Smith, and M. Zaldarriaga, Non-Gaussianities in Single Field Inflation and
their Optimal Limits from the WMAP 5-year Data, JCAP 1001 (2010) 028,
[arXiv:0905.3746].
[17] X. Chen, M.-x. Huang, S. Kachru, and G. Shiu, Observational signatures and
non-Gaussianities of general single field inflation, JCAP 0701 (2007) 002, [hep-th/0605045].
[18] J. Khoury and F. Piazza, Rapidly-Varying Speed of Sound, Scale Invariance and Non-Gaussian
Signatures, JCAP 0907 (2009) 026, [arXiv:0811.3633].
[19] J. Noller and J. Magueijo, Non-Gaussianity in single field models without slow-roll, Phys.Rev.
D83 (2011) 103511, [arXiv:1102.0275].
[20] R. H. Ribeiro, Inflationary signatures of single-field models beyond slow-roll, JCAP 1205
(2012) 037, [arXiv:1202.4453].
[21] J. Noller, Constraining fast-roll inflation, arXiv:1205.5796.
[22] X. Chen and Y. Wang, Large non-Gaussianities with Intermediate Shapes from Quasi-Single
Field Inflation, Phys.Rev. D81 (2010) 063511, [arXiv:0909.0496].
[23] X. Chen and Y. Wang, Quasi-Single Field Inflation and Non-Gaussianities, JCAP 1004 (2010)
027, [arXiv:0911.3380].
– 25 –
[24] S. Gupta, A. Berera, A. Heavens, and S. Matarrese, Non-Gaussian signatures in the cosmic
background radiation from warm inflation, Phys.Rev. D66 (2002) 043510, [astro-ph/0205152].
[25] I. G. Moss and C. Xiong, Non-Gaussianity in fluctuations from warm inflation, JCAP 0704
(2007) 007, [astro-ph/0701302].
[26] R. Holman and A. J. Tolley, Enhanced Non-Gaussianity from Excited Initial States, JCAP
0805 (2008) 001, [arXiv:0710.1302].
[27] P. D. Meerburg, J. P. van der Schaar, and P. S. Corasaniti, Signatures of Initial State
Modifications on Bispectrum Statistics, JCAP 0905 (2009) 018, [arXiv:0901.4044].
[28] N. Agarwal, R. Holman, A. J. Tolley, and J. Lin, Effective field theory and non-Gaussianity
from general inflationary states, arXiv:1212.1172.
[29] D. Langlois, S. Renaux-Petel, D. A. Steer, and T. Tanaka, Primordial perturbations and
non-Gaussianities in DBI and general multi-field inflation, Phys.Rev. D78 (2008) 063523,
[arXiv:0806.0336].
[30] F. Arroja, S. Mizuno, and K. Koyama, Non-gaussianity from the bispectrum in general multiple
field inflation, JCAP 0808 (2008) 015, [arXiv:0806.0619].
[31] S. Renaux-Petel, Combined local and equilateral non-Gaussianities from multifield DBI
inflation, JCAP 0910 (2009) 012, [arXiv:0907.2476].
[32] D. Langlois and A. Lepidi, General treatment of isocurvature perturbations and
non-Gaussianities, JCAP 1101 (2011) 008, [arXiv:1007.5498].
[33] D. Langlois and B. van Tent, Hunting for Isocurvature Modes in the CMB non-Gaussianities,
Class.Quant.Grav. 28 (2011) 222001, [arXiv:1104.2567].
[34] D. Langlois and B. van Tent, Isocurvature modes in the CMB bispectrum, JCAP 1207 (2012)
040, [arXiv:1204.5042].
[35] C. Bennett, D. Larson, J. Weiland, N. Jarosik, G. Hinshaw, et al., Nine-Year Wilkinson
Microwave Anisotropy Probe (WMAP) Observations: Final Maps and Results,
arXiv:1212.5225.
[36] J. Byun and R. Bean, Non-Gaussian Shape Recognition, arXiv:1303.3050.
[37] A. Becker, D. Huterer, and K. Kadota, Scale-Dependent Non-Gaussianity as a Generalization
of the Local Model, JCAP 1101 (2011) 006, [arXiv:1009.4189].
[38] A. Becker, D. Huterer, and K. Kadota, Constraining Scale-Dependent Non-Gaussianity with
Future Large-Scale Structure and the CMB, JCAP 1212 (2012) 034, [arXiv:1206.6165].
[39] J. Norena, L. Verde, G. Barenboim, and C. Bosch, Prospects for constraining the shape of
non-Gaussianity with the scale-dependent bias, JCAP 1208 (2012) 019, [arXiv:1204.6324].
[40] E. Sefusatti, J. R. Fergusson, X. Chen, and E. Shellard, Effects and Detectability of
Quasi-Single Field Inflation in the Large-Scale Structure and Cosmic Microwave Background,
JCAP 1208 (2012) 033, [arXiv:1204.6318].
[41] C. Wagner, L. Verde, and L. Boubekeur, N-body simulations with generic non-Gaussian
initiallo conditions I: Power Spectrum and halo mass function, JCAP 1010 (2010) 022,
[arXiv:1006.5793].
[42] C. Wagner and L. Verde, N-body simulations with generic non-Gaussian initial conditions II:
Halo bias, JCAP 1203 (2012) 002, [arXiv:1102.3229].
[43] J. Fergusson, D. Regan, and E. Shellard, Rapid Separable Analysis of Higher Order Correlators
in Large Scale Structure, Phys.Rev. D86 (2012) 063511, [arXiv:1008.1730].
– 26 –
[44] P. Creminelli, G. D’Amico, M. Musso, J. Norena, and E. Trincherini, Galilean symmetry in the
effective theory of inflation: new shapes of non-Gaussianity, JCAP 1102 (2011) 006,
[arXiv:1011.3004].
[45] D. G. Figueroa, R. R. Caldwell, and M. Kamionkowski, Non-Gaussianity from Self-Ordering
Scalar Fields, Phys.Rev. D81 (2010) 123504, [arXiv:1003.0672].
[46] M. Shiraishi, E. Komatsu, M. Peloso, and N. Barnaby, Signatures of anisotropic sources in the
squeezed-limit bispectrum of the cosmic microwave background, JCAP 1305 (2013) 002,
[arXiv:1302.3056].
[47] N. Dalal, O. Dore, D. Huterer, and A. Shirokov, The imprints of primordial non-gaussianities
on large-scale structure: scale dependent bias and abundance of virialized objects, Phys.Rev.
D77 (2008) 123514, [arXiv:0710.4560].
[48] F. Schmidt and M. Kamionkowski, Halo Clustering with Non-Local Non-Gaussianity, Phys.Rev.
D82 (2010) 103002, [arXiv:1008.0638].
[49] V. Desjacques, D. Jeong, and F. Schmidt, Accurate Predictions for the Scale-Dependent Galaxy
Bias from Primordial Non-Gaussianity, Phys.Rev. D84 (2011) 061301, [arXiv:1105.3476].
[50] V. Desjacques, D. Jeong, and F. Schmidt, Non-Gaussian Halo Bias Re-examined:
Mass-dependent Amplitude from the Peak-Background Split and Thresholding, Phys.Rev. D84
(2011) 063512, [arXiv:1105.3628].
[51] R. Scoccimarro, L. Hui, M. Manera, and K. C. Chan, Large-scale Bias and Efficient
Generation of Initial Conditions for Non-Local Primordial Non-Gaussianity, Phys.Rev. D85
(2012) 083002, [arXiv:1108.5512].
[52] M. LoVerde, A. Miller, S. Shandera, and L. Verde, Effects of Scale-Dependent Non-Gaussianity
on Cosmological Structures, JCAP 0804 (2008) 014, [arXiv:0711.4126].
[53] V. Desjacques, U. Seljak, and I. Iliev, Scale-dependent bias induced by local non-Gaussianity: A
comparison to N-body simulations, Mon.Not.Roy.Astron.Soc. 396 (2009) 85–96,
[arXiv:0811.2748].
[54] A. Cooray and R. K. Sheth, Halo models of large scale structure, Phys.Rept. 372 (2002) 1–129,
[astro-ph/0206508].
[55] A. Pillepich, C. Porciani, and O. Hahn, Universal halo mass function and scale-dependent bias
from N-body simulations with non-Gaussian initial conditions, Mon.Not.Roy.Astron.Soc. 402
(2010) 191–206, [arXiv:0811.4176].
[56] J. F. Navarro, C. S. Frenk, and S. D. M. White, The Structure of Cold Dark Matter Halos,
Astrophys. J. 462 (1996) 563–575, [astro-ph/9508025].
[57] J. F. Navarro, C. S. Frenk, and S. D. White, A Universal density profile from hierarchical
clustering, Astrophys.J. 490 (1997) 493–508, [astro-ph/9611107].
[58] J. S. Bullock et al., Profiles of dark haloes: evolution, scatter, and environment, Mon. Not.
Roy. Astron. Soc. 321 (2001) 559–575, [astro-ph/9908159].
[59] T. Giannantonio, C. Porciani, J. Carron, A. Amara, and A. Pillepich, Constraining primordial
non-Gaussianity with future galaxy surveys, Mon.Not.Roy.Astron.Soc. 422 (2012) 2854–2877,
[arXiv:1109.0958].
[60] C. Fedeli and L. Moscardini, Cosmic shear statistics in cosmologies with non-Gaussian initial
conditions, Mon.Not.Roy.Astron.Soc. 405 (2010) 681–694, [arXiv:0912.4112].
[61] A. Orsi, C. Baugh, C. Lacey, A. Cimatti, Y. Wang, et al., Probing dark energy with future
redshift surveys: A comparison of emission line and broad band selection in the near infrared,
arXiv:0911.0669.
– 27 –
[62] H. Hoekstra, H. K. Yee, and M. D. Gladders, Measurement of the bias parameter from weak
lensing, Astrophys.J. 558 (2001) L11–L14, [astro-ph/0107413].
[63] H. Hoekstra, L. Van Waerbeke, M. D. Gladders, Y. Mellier, and H. Yee, Weak lensing study of
galaxy biasing, Astrophys.J. 577 (2002) 604–614, [astro-ph/0206103].
[64] SDSS Collaboration Collaboration, U. Seljak et al., SDSS galaxy bias from halo mass-bias
relation and its cosmological implications, Phys.Rev. D71 (2005) 043511, [astro-ph/0406594].
[65] M. Cacciato, F. C. van den Bosch, S. More, H. Mo, and X. Yang, Cosmological Constraints
from a Combination of Galaxy Clustering and Lensing – III. Application to SDSS Data,
arXiv:1207.0503.
[66] E. Jullo, J. Rhodes, A. Kiessling, J. E. Taylor, R. Massey, et al., COSMOS: Stochastic bias
from measurements of weak lensing and galaxy clustering, Astrophys.J. 750 (2012) 37,
[arXiv:1202.6491].
[67] S. More, H. Miyatake, R. Mandelbaum, M. Takada, D. Spergel, et al., The Weak Lensing
Signal and the Clustering of BOSS Galaxies: Cosmological Constraints, arXiv:1407.1856.
[68] D. Jeong, E. Komatsu, and B. Jain, Galaxy-CMB and galaxy-galaxy lensing on large scales:
sensitivity to primordial non-Gaussianity, Phys.Rev. D80 (2009) 123527, [arXiv:0910.1361].
[69] Y. Takeuchi, K. Ichiki, and T. Matsubara, Constraints on primordial non-Gaussianity from
Galaxy-CMB lensing cross-correlation, Phys.Rev. D82 (2010) 023517, [arXiv:1005.3492].
[70] T. Giannantonio and W. J. Percival, Using correlations between CMB lensing and large-scale
structure to measure primordial non-Gaussianity, Mon.Not.Roy.Astron.Soc. 441 (2014)
L16£L20, [arXiv:1312.5154].
[71] Y. Jing, H. Mo, and G. Borner, Spatial correlation function and pairwise velocity dispersion of
galaxies: CDM models versus the Las Campanas Survey, Astrophys.J. 494 (1998) 1,
[astro-ph/9707106].
[72] R. Sheth and W. Saslaw, Synthesising the Observed Distribution of Galaxies, Astrophys.J. 437
(1994) 35.
[73] E. Sefusatti, M. Crocce, and V. Desjacques, The Halo Bispectrum in N-body Simulations with
non-Gaussian Initial Conditions, arXiv:1111.6966.
[74] L. Verde, A. F. Heavens, W. J. Percival, S. Matarrese, C. M. Baugh, et al., The 2dF Galaxy
Redshift Survey: The Bias of galaxies and the density of the Universe,
Mon.Not.Roy.Astron.Soc. 335 (2002) 432, [astro-ph/0112161].
[75] WiggleZ Collaboration Collaboration, F. A. Marin et al., The WiggleZ Dark Energy Survey:
constraining galaxy bias and cosmic growth with 3-point correlation functions,
arXiv:1303.6644.
[76] H. Gil-Marín, J. Noreña, L. Verde, W. J. Percival, C. Wagner, et al., The power spectrum and
bispectrum of SDSS DR11 BOSS galaxies I: bias and gravity, arXiv:1407.5668.
[77] E. Sefusatti and E. Komatsu, The bispectrum of galaxies from high-redshift galaxy surveys:
Primordial non-Gaussianity and non-linear galaxy bias, Phys.Rev. D76 (2007) 083004,
[arXiv:0705.0343].
[78] N. Agarwal, S. Ho, and S. Shandera, Constraining the initial conditions of the Universe using
large scale structure, arXiv:1311.2606.
[79] S. Shandera, N. Dalal, and D. Huterer, A generalized local ansatz and its effect on halo bias,
JCAP 1103 (2011) 017, [arXiv:1010.3722].
[80] N. Kaiser, Clustering in real space and in redshift space, Mon. Not. Roy. Astron. Soc. 227
(1987) 1–27.
– 28 –
[81] H.-J. Seo and D. J. Eisenstein, Improved forecasts for the baryon acoustic oscillations and
cosmological distance scale, Astrophys.J. 665 (2007) 14–24, [astro-ph/0701079].
[82] N. Padmanabhan, X. Xu, D. J. Eisenstein, R. Scalzo, A. J. Cuesta, et al., A 2 per cent distance
to z=0.35 by reconstructing baryon acoustic oscillations - I. Methods and application to the
Sloan Digital Sky Survey, Mon.Not.Roy.Astron.Soc. 427 (2012), no. 3 2132–2145,
[arXiv:1202.0090].
[83] Y. Wang, C.-H. Chuang, and C. M. Hirata, Toward More Realistic Forecasting of Dark Energy
Constraints from Galaxy Redshift Surveys, arXiv:1211.0532.
[84] DESI Conceptual Design Report,
http://desi.lbl.gov/wp-content/uploads/2014/04/DESI_CDR_20140827_1135.pdf (2014).
[85] C. Di Porto, E. Branchini, J. Bel, F. Marulli, M. Bolzonella, et al., The VIMOS Public
Extragalactic Redshift Survey (VIPERS). Measuring nonlinear galaxy bias at z 0.8,
arXiv:1406.6692.
[86] J. W. Colbert, H. Teplitz, H. Atek, A. Bunker, M. Rafelski, et al., Predicting Future Space
Near-IR Grism Surveys using the WFC3 Infrared Spectroscopic Parallels Survey, Astrophys.J.
779 (2013) 34, [arXiv:1305.1399].
[87] J. Geach, A. Cimatti, W. Percival, Y. Wang, L. Guzzo, et al., Empirical H-alpha emitter count
predictions for dark energy surveys, arXiv:0911.0686.
– 29 –
